Introduction
============

Plants in nature are continuously exposed to several biotic and abiotic stresses, water deprivation being one of the commonest. Soils too dry for crop production have been estimated to cover 28% of the Earth\'s land surface ([@bib14]). Nevertheless, plants have developed several physiological, biochemical, and molecular mechanisms in order to cope with drought stress.

Many of the plant responses to soil drying occur via chemical signals such as the phytohormone abscisic acid (ABA) ([@bib85]) and it is well known that the endogenous levels of ABA in vegetative plant tissues rise in response to stresses that cause a plant water deficit ([@bib79]; [@bib13]; [@bib89]). Moreover, a clear relationship between plant ABA content and plant tolerance to water deficit has been described ([@bib45]; [@bib47]). The protective effect of ABA is based on the fact that ABA primarily promotes stomatal closure to minimize transpirational water loss and then it mitigates stress damage through the activation of many stress-responsive genes, which collectively increase the plant stress tolerance ([@bib12], [@bib13]; [@bib89]). Drought stress-inducible genes can be divided into two groups: functional and regulatory. Functional genes are those that have a specific function in acquiring drought tolerance such as water channels and other transporters, detoxification enzymes, protection molecules such as late embryogenesis abundant (LEA) proteins, key enzymes for osmolyte biosynthesis, or different proteases. Regulatory genes are those that regulate the expression of the functional genes and include, among others, transcription factors, protein kinases and phosphatases, and those involved in abscisic acid biosynthesis. For a recent review see [@bib71].

Besides the natural responses of plants against drought, it must be considered that most terrestrial plants can establish a symbiotic association with the arbuscular mycorrhizal (AM) fungi. When the AM symbiosis is established the fungus receives carbon molecules from the plant, and the plant receives nutrients (especially phosphorus) and water from the fungus ([@bib31]; [@bib28]). In this way, AM plants are usually more tolerant to several stresses, including drought, than non-AM plants ([@bib8], [@bib9]; [@bib64], [@bib66]).

The beneficial effect of AM symbiosis under drought-stress conditions has been studied largely at the physiological level including regulation of transpiration rate or increasing root water absorption ([@bib8], [@bib9]). More recently, it has also been noted that, under drought-stress conditions, AM and non-AM plants regulate differently the expression of several stress-related genes in root tissues ([@bib66]). These stress-related genes include a *P5CS* gene ([@bib58]), encoding for Δ^1^-pyrroline-5-carboxylate synthetase, the enzyme that catalyses the rate-limiting step in the biosynthesis of proline, which is a robust osmotic and antioxidant agent ([@bib2]). Genes regulated by AM symbiosis under drought conditions also included the late embryogenesis abundant (LEA) proteins ([@bib59]). The specific function of LEA proteins during osmotic stress is not well understood, but could include protein stabilization, ion binding, antioxidant function, or membrane stabilization and folding (for a recent review see [@bib81]). Other genes regulated differently by AM symbiosis during drought are those encoding for plasma membrane aquaporins (PIP) proteins ([@bib57]; [@bib5]). Aquaporins are membrane intrinsic proteins that facilitate water and small neutral solutes flow, always following an osmotic gradient ([@bib50]). Finally, a differential expression in AM plants of a *nced* gene has also been described ([@bib38]). The *nced* genes encode for *9-cis*-epoxycarotenoid dioxygenase (NCED), the key enzyme for the biosynthesis of ABA ([@bib70]).

The changes described above for the expression of stress-related genes under drought conditions by the AM symbiosis have been postulated to be caused (among others) by different contents of ABA between AM and non-AM plants ([@bib66]). Indeed, all the above-described genes are regulated by ABA ([@bib76]; [@bib42]; [@bib4]). Moreover, it has been described that AM symbiosis regulates ABA contents of the host plant under drought conditions ([@bib27]; [@bib22]). However, there are no studies dealing with the effects of exogenous ABA on the expression of stress-related genes and on the physiology of AM plants. In addition, the studies mentioned above which deal with the different regulation of stress-related genes in AM and non-AM plants have been carried out only at the root level, where the physical interaction between the plant and the fungus takes place. It is, however, known that the AM symbiosis also alters the physiology and metabolism of the aerial part of the plant ([@bib80]). On the other hand, only a few studies concerning drought tolerance enhancement by AM symbiosis have paid attention to the behaviour of the host plant during recovery from the stress ([@bib20]; [@bib15]). However, it has been proposed that the importance of the capacity to recover from the stress is similar to the capacity of tolerating the stress itself ([@bib30]; [@bib52]). A comprehensive evaluation is therefore needed of the physiological and molecular changes experienced by AM plants, as affected by the plant ABA level, during drought and after recovery.

The aim of the present research was to evaluate the influence of AM symbiosis and exogenous ABA application on plant development, physiology, and expression of several stress-related genes after both drought and a recovery period. The starting hypothesis are that (i) the physiological and molecular responses of AM and non-AM plants to drought will differ; (ii) the application of exogenous ABA to plants will change the response of the plant to drought; and (iii) the recovery from the stress will be different in AM and non-AM plants and it will be affected by the exogenous ABA. To achieve our objective, lettuce plants were inoculated or not with the AM fungus *Glomus intraradices* and subjected to 10 d of water deficit and/or recovered for three additional days. Plants were also treated or not exogenously with an ABA solution just before and during the water-deficit treatment.

Materials and methods
=====================

Experimental design and statistical analysis
--------------------------------------------

The experiment consisted of a randomized complete block design with two inoculation treatments: (i) non-inoculated control plants (NI), (ii) plants inoculated with the AM fungus *Glomus intraradices* (Schenck and Smith) BEG 121 (Gi). There were forty replicates of each microbial treatment, totalling 80 pots (one plant per pot), so that half of the plants were cultivated under well-watered conditions throughout the entire experiment and the other half were subjected to drought stress for 10 d before harvest. In addition, half of the plants from each inoculation treatment were supplied with exogenous ABA while the other half remained ABA-free. Finally, a group of plants were maintained for three additional days after the drought stress period in order to allow recovery from the stress.

Data were subjected to analysis of variance (ANOVA) with inoculation treatment, ABA treatment, and water regime as sources of variation, and followed by Duncan\'s multiple range test ([@bib21]). Percentage values were arcsin transformed before statistical analysis.

Soil and biological materials
-----------------------------

Loamy soil was collected from the Zaidin Experimental Station (Granada, Spain), sieved (2 mm), diluted with quartz-sand (\<1 mm) (1:1, soil:sand, v/v) and sterilized by steaming (100 °C for 1 h on three consecutive days). The soil had a pH of 8.1 (water); 1.81% organic matter, nutrient concentrations (mg kg^−1^): N, 2.5; P, 6.2 (NaHCO~3~-extractable P); K, 132.0. The soil texture was made up of 35.8% sand, 43.6% silt, and 20.5% clay.

Three seeds of lettuce (*Lactuca sativa* L. cv. Romana) were sown in pots containing 750 g of the same soil/sand mixture as described above and thinned to one seedling per pot after emergence.

Mycorrhizal inoculum was bulked in an open-pot culture of *Zea mays* L. and consisted of soil, spores, mycelia, and infected root fragments. The AM species was *Glomus intraradices* (Schenck and Smith) isolate BEG 121. Ten grams of inoculum with about 60 infective propagules per gram (according to the most probable number test), were added to appropriate pots at sowing time.

Uninoculated control plants received the same amount of autoclaved mycorrhizal inoculum together with a 2 ml aliquot of a filtrate (\<20 μm) of the AM inoculum in order to provide a general microbial population free of AM propagules.

Growth conditions
-----------------

Plants were grown in a controlled environmental chamber with 65--75% RH, day/night temperatures of 25/15 °C, and a photoperiod of 16 h at a photosynthetic photon flux density (*PPFD*) of 350 μmol m^−2^ s^−1^ measured with a light meter (Li-Cor, Lincoln, NE, USA, model LI-188B).

In the middle of the experiment, non-AM plants received an application (10 ml per pot) of Hewitt\'s nutrient solution ([@bib33]) in order to enhance plant growth and obtain AM and non-AM plants of comparable size before starting the drought and recovery treatments. One day before starting the drought stress treatment, 4 d after starting the drought stress, and 9 d after starting the drought stress (just 1 d before harvesting), half of plants from each microbial treatment received 10 ml pot^−1^ of an aqueous ABA solution (100 μM). The group of plants allowed to recover from drought stress for three additional days under well-watered conditions received an additional application of ABA (10 ml per pot) the day before their harvest. The concentration of ABA and the systemic application were selected as the most convenient in preliminary experiments which were tested from 10 μM to 1 mM ABA.

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices Ltd., Cambridge, UK) as previously described ([@bib60]). Water was supplied daily to maintain soil at field capacity during the first 7 weeks after planting. Then, half of the plants were allowed to dry until soil water content reached 75% field capacity, while the other half were maintained at field capacity. The soil water content was measured daily with the ThetaProbe ML2 before rewatering (at the end of the afternoon), reaching a minimum soil water content ranging from 65--70% field capacity. The amount of water lost was added to each pot in order to keep the soil water content at the desired level of 75% field capacity ([@bib60]). Plants were maintained under such conditions for an additional 10 d before harvesting or before being rewatered to field capacity for three additional days.

Parameters measured
-------------------

### Biomass production:

At harvest (60 d after planting), the shoot and root system were separated and the shoot dry weight (DW) measured after drying in a forced hot-air oven at 70 °C for 2 d.

### Symbiotic development:

The percentage of mycorrhizal root infection in lettuce plants was estimated by visual observation of fungal colonization after clearing washed roots in 10% KOH and staining with 0.05% trypan blue in lactic acid (v/v), according to [@bib56]. The extent of mycorrhizal colonization was calculated according to the gridline intersect method ([@bib26]).

### Leaf transpiration rate:

Leaf transpiration rate was determined by a gravimetric method ([@bib5]). Surfaces of the pots were covered with aluminium foil. The pot-plant system was weighed and referred as *W*~0~. The pot-plant system was weighed again after 2 h and referred as *W*~f~. Leaf transpiration rate was calculated as: (*W*~0~--*W*~f~)/*t*×*A*, where *t* is the time in seconds, and *A* is the leaf area in m^2^. Leaf area was calculated as follows: leaves of a whole plant were detached and scanned (hp scanjet 5550c, Hewlett Packard, Palo Alto, CA). The corresponding images were analysed with Adobe Photoshop CS (Adobe Systems Incorporated, San Jose, CA).

### Root hydraulic conductivity (L~*o*~):

In the present work, *L*~o~ was measured on detached roots exuding under atmospheric pressure ([@bib5]). Under these conditions, water is only moving because of the osmotic gradient between the soil solution and the root tissue. Therefore, according to [@bib75], the water would be moving mainly by the cell-to-cell path. This path predominates under conditions where the transpiration stream is restricted, contrary to the apoplastic path ([@bib75]).

Pots were immersed in aerated nutrient solution. Plants were cut below the cotyledons and a pipette with a silicone tube was attached to the stem. The liquid exuded in the first 15 min was discarded to avoid phloem contamination. The exudate of the following 2 h was collected with a syringe and weighed. The osmolarities of the exuded sap and the nutrient solution were determined using a cryoscopic osmometer (Osmomat 030, Gonotec Gmbh, Berlin, Germany). Osmotic root hydraulic conductance (*L*~o~) was calculated as *L*~o~=*J*~v~/ΔΨ, where *J*~v~ is the exuded sap flow rate and ΔΨ the osmotic potential difference between the exuded sap and nutrient solution.

### ABA content:

ABA was measured on 250 mg of frozen root or the youngest leaves of the tissues that were immersed in 2 ml distilled water and incubated for 24 h at 4 °C in the dark ([@bib54]; [@bib6]). Quantitative analysis was performed on crude aqueous extracts using an ELISA assay based on a monoclonal antibody designed specifically against (*S*)-*cis*,*trans*-ABA (BT-GB-252A, Babraham Biosciences Technologies, Cambridge, UK). The procedure of [@bib82] was followed. Briefly, microtitration plates were coated overnight at 4 °C with BSA-ABA ([@bib11]), and then rinsed three times with 50 mM TRIS--HCl (pH = 7.8), 1 mM MgCl~2~, 150 mM NaCl, 0.1% (p/v) BSA, and 0.05% (v/v) Tween 20. After that, 200 μl of the samples and standards incubated overnight with the antibody were added and plates incubated at room temperature for 150 min. The plates were rinsed again as described above and incubated for 2 h at room temperature with Anti-rat IgG (1:1000). Finally, the plates were rinsed again and *p*-nitrophenyl phosphate added. Plates were incubated until the absorbance at 405 nm of the non-ABA sample was 1. Absorbance was inversely proportional to the amount of ABA. Three independent samples were assayed for each treatment. All sample results were the average of three serial dilutions within the linear range of the ABA standard curve.

Northern blot analysis
----------------------

Total RNA was isolated from lettuce roots and leaves by phenol/chloroform extraction according to the method described by [@bib43]. Northern blot with *Lsnced* (accession no. AB120109), *LsPIP2* (accession no. AJ937963), *Lsp5cs* (accession no. AJ715852), and *Lslea* (accession no. AJ704826) genes were carried out as previously described ([@bib57]). Hybridizations were conducted overnight at 65 °C under standard conditions ([@bib67]). After washing twice for 5 min at room temperature in 2× SSC and 0.1% SDS, and twice for 15 min at 65 °C with 0.5× SSC and 0.1% SDS, membranes were exposed to the phosphorimager. The amount of rRNA in the membranes was quantified using Quantity One software (Bio-Rad, Hemel Hempstead, UK) in ethidium bromide-stained membranes. After the northern blot, the hybridization signals were analysed with a phosphorimager and quantified using the same software. Transcript accumulation levels for each gene probe (in arbitrary units) were divided by the corresponding amount of rRNA in the membrane (also in arbitrary units). Each quantification of signals on screens and of rRNA in the membranes was repeated three times and the average value for each was used for normalization. Northern blot analyses were repeated twice with different set of plants.

Results
=======

Mycorrhizal colonization
------------------------

Uninoculated control plants did not show mycorrhizal colonization. Plants inoculated with *G*. *intraradices* showed a percentage of root colonization ranging from 45% to 70% of root length ([Fig. 1](#fig1){ref-type="fig"}). The application of ABA did not affect the colonization of root by *G*. *intraradices*. The only differences in root colonization were due to the water regime. In fact, plants cultivated under well-watered conditions showed 45% to 50% of mycorrhizal root length. In contrast, plants subjected to drought showed 62% to 70% of root colonization.

![Percentage of mycorrhizal root length in lettuce plants inoculated with *G*. *intraradices*. See legend for [Fig. 2](#fig2){ref-type="fig"}.](jexbotern057f01_lw){#fig1}

Plant growth
------------

In order to obtain AM and non-AM plants of similar size before starting the drought and recovery treatments, non-AM plants received an application of nutrient solution. Therefore, under well-watered conditions AM and non-AM plants had similar shoot and root dry weights either with ABA or without ABA ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}). Under drought-stress conditions and in the absence of exogenous ABA, AM and non-AM plants also exhibited similar shoot dry weight, while roots of AM plants grew more after the recovery period ([Fig. 3](#fig3){ref-type="fig"}). By contrast, in the presence of exogenous ABA and drought stress, AM plants had 34% more shoot biomass than non-AM plants, but the difference in root dry weight was not significant.

![Shoot dry weight (g plant^−1^) in lettuce plants. Plants were either inoculated with *G*. *intraradices* (Gi) or remained non-inoculated (NI). White bars represent plants cultivated under well-watered conditions and black bars represent plants subjected to drought stress. Half of the plants were allowed to grow for an additional 3 d period in order to recover from drought (recovery) and the other half was harvested just after the drought stress period (--). Finally, plants were supplied with exogenous ABA just before and during the drought stress or recovery periods (+ABA) or did not receive ABA (No ABA). Bars represent means plus the standard error (*n*=5). Means followed by the same letter are not significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test.](jexbotern057f02_lw){#fig2}

![Root dry weight (g plant^−1^) in lettuce plants. See legend for [Fig. 2](#fig2){ref-type="fig"}.](jexbotern057f03_lw){#fig3}

Shoot dry weight decreased in all treatments as a consequence of drought, except in plants inoculated with *G*. *intraradices* and supplied with exogenous ABA that showed similar shoot dry weight to those under well-watered conditions.

The application of exogenous ABA decreased shoot dry weight in all treatments, except in AM plants subjected to drought. Exogenous ABA also decreased the root dry weight of non-AM plants subjected to drought and of AM plants subjected to drought after the recovery period. By contrast, exogenous ABA did not affect the root dry weight of plants maintained under well-watered conditions.

In the absence of ABA the 3 d recovery period allowed further increase of shoot dry weight of the AM plants kept under well-watered conditions ([Fig. 2](#fig2){ref-type="fig"}). Drought-stressed plants also increased plant growth during the recovery period, mainly the root dry weight of AM plants ([Fig. 3](#fig3){ref-type="fig"}). In the presence of ABA, the recovery period did not significantly increase the shoot dry weight, either under well-watered conditions or under drought-stress conditions. By contrast, the root dry weight of AM plants increased significantly after the recovery period.

Root hydraulic conductivity (*L*~o~)
------------------------------------

Plants subjected to drought stress were unable to exude after detachment of the shoots. Hence, *L*~o~ could not be measured in any of the treatments subjected to drought. *L*~o~ could only be measured in well-watered plants and in plants recovered from drought ([Fig. 4](#fig4){ref-type="fig"}).

![Root hydraulic conductivity (*L*~o~; mg H~2~O g^−1^ root DW MPa^−1^ h^−1^) in lettuce plants. See legend for [Fig. 2](#fig2){ref-type="fig"}.](jexbotern057f04_lw){#fig4}

Well-watered AM plants had higher *L*~o~ than non-AM plants, both with and without ABA application (increasing by 47% and 89%, respectively). This effect was also maintained after the recovery period. AM plants subjected to drought stress and recovered for 3 d also showed higher *L*~o~ than non-AM plants, both with and without ABA application (increasing by 346% and 520%, respectively).

The application of ABA to plants cultivated under well-watered conditions enhanced *L*~o~ by 81% in non-AM plants and by 41% in AM ones. The same trend was observed after the extra 3 d recovery period for AM and non-AM plants maintained under well-watered conditions.

Plants that had been subjected to drought stress and recovered for 3 d also showed an important increase of *L*~o~ by ABA application (260% increase for non-AM plants and 158% increase for AM plants), AM plants always exhibited higher *L*~o~ than non-AM plants. However, even after recovery from the stress, the plants that had been subjected to drought stress always showed lower *L*~o~ than those maintained under well-watered conditions. Only the AM plants that had exogenous ABA added recovered their *L*~o~ to values similar to those of well-watered plants.

Transpiration rate
------------------

Under well-watered conditions the transpiration rate was similar in AM and non-AM plants, regardless of ABA application ([Fig. 5](#fig5){ref-type="fig"}). By contrast, under drought-stress conditions, AM plants showed a lower transpiration rate than non-AM plants, both with and without ABA application.

![Transpiration rate (mg H~2~O cm^−2^ h^−1^) in lettuce plants. See legend for [Fig. 2](#fig2){ref-type="fig"}.](jexbotern057f05_lw){#fig5}

Drought stress decreased the transpiration rate both in AM and in non-AM plants, this decrease being more pronounced in AM plants. After the recovery from stress for 3 d, all the treatments recovered their transpiration rate to levels similar to those of well-watered plants. This effect was unrelated to ABA application.

The application of ABA decreased the transpiration rate both in AM and in non-AM plants, but only under well-watered conditions. In plant subjected to drought, the application of ABA did not reduce the transpiration rate further.

ABA content
-----------

ABA content was measured in leaves and roots. In leaves, the drought stress considerably enhanced (by 388%) the ABA content in plants colonized by *G*. *intraradices*, while it had no effect on non-AM plants ([Fig. 6](#fig6){ref-type="fig"}). However, after the recovery period, AM plants subjected to drought considerably decreased their ABA content reaching levels similar to those of non-inoculated plants maintained under well-watered conditions. By contrast, when exogenous ABA was added to the plant, the non-AM plants also increased their ABA content considerably as a consequence of drought. Under such conditions, the increase of ABA content was even higher for non-AM plants than for AM ones. In the presence of exogenous ABA, the level of ABA in leaves of non-AM lettuce plants that had been previously subjected to drought did not significantly decrease after recovery, while the decrease after recovery in AM plants was significant (by 44%).

![ABA content (ng ABA g^−1^ leaf DW) in leaves of lettuce plants. See legend for [Fig. 2](#fig2){ref-type="fig"}.](jexbotern057f06_lw){#fig6}

In roots, the picture is considerably different ([Fig. 7](#fig7){ref-type="fig"}). In fact, drought stress did not increase the ABA content in roots. Surprisingly, roots of non-AM plants cultivated under well-watered conditions enhanced their ABA content after the 3 d recovery period. The application of exogenous ABA to the plants enhanced the ABA content of plants inoculated with *G*. *intraradices*, mainly when subjected to drought stress (increasing by 216% compared with the absence of exogenous ABA). In the presence of exogenous ABA, the recovery from drought only decreased the content of ABA in the roots of AM plants, while non-AM plants even increased their ABA content.

![ABA content (ng ABA g^−1^ root DW) in roots of lettuce plants. See legend for [Fig. 2](#fig2){ref-type="fig"}.](jexbotern057f07_lw){#fig7}

Gene expression
---------------

The expression of four stress-related plant genes was analysed by northern blot both in shoot and root tissues of lettuce plants under the various growing conditions tested in this work. Except for the *LsPIP2* gene, the pattern of gene expression was quite similar in shoots and roots ([Figs 8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}).

![Northern blot of total RNA (15 μg) from lettuce shoots using *Lsnced* (accession no. AB120109), *LsPIP2* (accession no. AJ937963), *Lsp5cs* (accession no. AJ715852), and *Lslea* (accession no. AJ704826) gene probes. Treatments are designed as NI, non-inoculated controls or Gi, plants inoculated with *G*. *intraradices*. Plants were cultivated under well-watered conditions (ww) or subjected to drought stress (ds) with (+ABA) or without addition of exogenous ABA (No ABA). Half of the plants were allowed to grow for an additional 3 d period in order to recover from drought (ww+R or ds+R) and the other half was harvested just after the drought stress period. The panel under each northern blot shows the amount of 26S rRNA loaded for each treatment. Numbers close to each northern blot represent the relative gene expression after normalization to rRNA.](jexbotern057f08_ht){#fig8}

![Northern blot of total RNA (15 μg) from lettuce roots. See legend for [Fig. 8](#fig8){ref-type="fig"}.](jexbotern057f09_ht){#fig9}

Gene *Lsnced*
-------------

In the absence of exogenous ABA, the expression of the *Lsnced* gene was only remarkable in shoots and roots of plants colonized by *G*. *intraradices* and subjected to drought, although the expression of this gene could also be detected in shoots of non-AM plants subjected to drought ([Figs 8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}). The application of exogenous ABA considerably enhanced the expression of this gene in shoots and roots of non-AM plants subjected to drought, while in AM plants it did not significantly change the expression pattern in roots ([Fig. 9](#fig9){ref-type="fig"}) or decreased it slightly in shoots ([Fig. 8](#fig8){ref-type="fig"}). Well-watered plants and plants recovered from drought did not express the *Lsnced* gene.

Gene *LsPIP2*
-------------

In the absence of exogenous ABA, the expression of the *LsPIP2* gene was inhibited by drought stress both in the shoots and roots, mainly in AM plants, that showed the lowest rate of gene expression ([Figs 8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}). In shoots, the AM plants cultivated under well-watered conditions always exhibited about 45% reduction of gene expression compared with non-AM plants ([Fig. 8](#fig8){ref-type="fig"}). In any case, in shoots, AM and non-AM plants that had been subjected to drought, recovered the expression rate of the *LsPIP2* gene after the recovery period. By contrast, in roots, the expression rate of the *LsPIP2* gene in the plants that had been previously subjected to drought only partially recovered after the recovery period ([Fig. 9](#fig9){ref-type="fig"}). The expression rate of this gene in roots of AM and non-AM plants that were maintained under well-watered conditions was considerably lower than before the recovery period.

The application of exogenous ABA considerably inhibited the gene expression in shoots of AM and non-AM plants, regardless of water treatment ([Fig. 8](#fig8){ref-type="fig"}). By contrast, in roots, the application of ABA to these plants did not significantly change the rate of gene expression ([Fig. 9](#fig9){ref-type="fig"}). The plants with added exogenous ABA having recovered from a previous drought also recovered the expression rate of the *LsPIP2* gene in shoots and in roots. By contrast, roots of non-AM plants that had been maintained under well-watered conditions showed reduced gene expression ([Fig. 9](#fig9){ref-type="fig"}).

Gene *Lsp5cs*
-------------

In the absence of exogenous ABA, this gene was only expressed in plants subjected to drought, mainly in AM plants (both shoots and roots) ([Figs 8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}). A residual expression was observed after the recovery period in plants that had been previously drought-stressed. In any case, the application of exogenous ABA considerably induced the expression of this gene in shoots and roots of non-AM plants only (even under well-watered conditions) so, under drought-stress conditions, the expression of that gene was higher than in AM plants. Again, a residual expression of the *Lsp5cs* gene was observed after the recovery period in plants that had previously been drought-stressed.

Gene *Lslea*
------------

In the absence of exogenous ABA, the *Lslea* gene was only expressed in plants subjected to drought, mainly in AM plants (both shoots and roots) ([Figs 8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}). No expression was detected in well-watered plants or after the recovery period. The application of exogenous ABA considerably induced the expression of this gene in shoots and roots, mainly in the case of non-AM plants. In fact, after the addition of exogenous ABA, the expression of that gene under drought-stress conditions was higher in non-AM plants than in AM ones. Again, no expression was detected in well-watered plants or after the recovery period.

Discussion
==========

The plant hormone ABA plays a major role in plant responses to several stresses, mainly those having a dehydration component ([@bib89]). ABA regulates plant water status through guard cells and growth as well as by the induction of genes that encode enzymes and other proteins involved in cellular dehydration tolerance ([@bib13]; [@bib86]). It has been shown that ABA regulates important plant processes such as *L*~o~ ([@bib62]; [@bib35]; [@bib84]; [@bib69]; [@bib3]), transpiration rate ([@bib51]; [@bib34]; [@bib85]; [@bib89]), and expression and activity of certain aquaporins ([@bib77]; [@bib39]; [@bib91]; [@bib4]), among many other drought-induced genes ([@bib12], [@bib13]; [@bib89]). Thus, ABA is considered the most important stress signal transduction pathway among all the plant responses to stresses ([@bib89]). At the same time, the AM symbiosis has been shown to modulate the same physiological processes and to improve plant tolerance to water deficit (for reviews see [@bib8], [@bib9]; [@bib64]). Indeed, improved *L*~o~ and transpiration rate in AM plants during drought stress have been observed ([@bib7]; [@bib65]; [@bib29]; [@bib68]; [@bib5]). Modulation of aquaporin genes by the AM symbiosis during salt, cold, and drought stresses has also been described (Ouziad *et al.*, 2005; [@bib57]; [@bib5]; [@bib38]). This is why, in this study, the combined effects of the AM symbiosis and exogenous ABA application on the physiological and molecular responses of lettuce plants to drought stress and after recovery have been analysed.

Plant growth
------------

Although it has been suggested that a high level of exogenous ABA can inhibit plant growth under non-stressful conditions, an increased ABA content is beneficial for plants under environmental stress as a result of ABA-induced changes at the cellular and whole-plant levels ([@bib86]). However, it is not clear at the moment, whether ABA reduces, enhances or maintains plant growth during drought ([@bib61]; [@bib49]). Results obtained in this study indicate that exogenous ABA decreased shoot dry weight in all plants and also the root dry weight of non-AM plants subjected to drought. An exception was found in AM plants subjected to drought that maintained their shoot and root growth as a consequence of exogenous ABA ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}). A reduction in plant growth by the application of exogenous ABA has previously been described in several plants ([@bib23]; [@bib87]).

The AM symbiosis generally increases host plant growth due to improved plant nutrition ([@bib74]). In studies on the water relations of plants confined to containers, it is often difficult to compare treatments if plants are not of comparable size, since unequal size causes different degrees of soil water depletion, plant transpiration, and, consequently, unequal stress ([@bib27]). In this study, non-AM plants received a single application of nutrient solution in the middle of the experiment in order to obtain AM and non-AM plants of similar size before starting the drought and recovery treatments. Therefore, the effects of the different treatments on transpiration and *L*~o~ can be seen as direct effects not mediated by plant size.

Plant stress-related genes
--------------------------

Plant responses to water deficit involve changes in gene expression resulting in modifications of plant physiology that lead to enhanced drought tolerance. The expression of four plant stress-related genes has been analysed in root and shoot tissues after the different treatments. The genes selected for this study were *Lsnced*, encoding for NCED, a PIP2 aquaporin-encoding gene, the gene *Lsp5cs*, encoding P5CS, and the *Lslea* gene encoding for a dehydrin (LEA proteins). The *Lsnced*, *Lsp5cs*, and *Lslea* genes showed a very similar pattern of expression and this was also similar in root and shoot tissues. They were all induced by drought stress in AM plants. In non-AM plants, the induction by drought stress was remarkable when ABA was applied exogenously to the plants. Under such conditions, the expression was higher than in AM plants. The induction of *nced* genes by drought stress has been observed previously in a variety of plants ([@bib37]; [@bib78]; [@bib63]; [@bib83]). In addition, [@bib18] demonstrated in *Arabidopsis* that a minimum level of ABA is required in plant tissues for the full induction of a *nced* gene, which could explain its induction by exogenous ABA in non-AM plants. The *Lsp5cs* and *Lslea* genes were mainly expressed in drought-stress treatments, demonstrating that they are important for the plant response against water deficit, as it has previously been shown ([@bib44]; [@bib16]; [@bib25]) and confirming their usefulness as stress markers ([@bib58]). The facts that genes encoding dehydrins and P5CS are regulated by both ABA-dependent and ABA-independent pathways and that both pathways may have cumulative effects, have been proved ([@bib17]; [@bib25]; [@bib1]). This can explain the important induction of the expression of these genes in non-AM plants fed with exogenous ABA. In addition, in this study, the expression of *Lsnced*, *Lsp5cs*, and *Lslea* genes and the accumulation of ABA correlate very well in shoots. By contrast, no clear correlation between ABA levels with the expression of these three genes can be found in roots, even after exogenous application of ABA. However, bearing in mind that oxidative degradation of ABA to phaseic acid and dihydrophaseic acid can be extremely rapid ([@bib88]), it is nearly impossible to predict the percentage of externally applied ABA that reaches the site of action and acts on it. For instance, [@bib90] found that after 24 h of feeding maize leaves with ABA, only 8% remain unmodified. To explain the different correlation between ABA content with gene expression in roots and shoots it must also be considered that, as the soil is drying, ABA serves as a long-distance stress signal synthesized in the roots and released by root tissues to the xylem for its translocation to the shoot ([@bib32]). Differences in the rate of ABA metabolism between root and shoot may also account for this discrepancy. Factors such as recirculation and exudation to the rhizosphere may decrease the internal root ABA concentration as well ([@bib55]; [@bib32]). In any case, ABA could also act during drought treatment in the roots, as shown by changes in gene expression in the roots, simply by changing its internal localization, moving from symplastic to apoplastic zones ([@bib19]; [@bib85]).

Regarding *LsPIP2*, the effects of ABA on PIP aquaporin gene expression are not fully understood, the effect being positive or negative depending on the gene analysed and the plant genotype ([@bib46]). Here, ABA down-regulated *LsPIP2* gene expression in shoots, but had no effect in roots. A down-regulation by ABA of some PIP aquaporin genes in shoot tissues has been described before by [@bib46] in rice plants. This behaviour can be postulated as a mechanism of cell water conservation ([@bib73]).

On the other hand, the modulation by the AM symbiosis of the expression of genes *Lsnced*, *LsPIP2*, *Lsp5cs*, and *Lslea* has previously been analysed in roots of lettuce plants in relation to the tolerance towards osmotic stresses ([@bib58], 2005, 2006; [@bib66]; [@bib38]). By contrast, the expression pattern of these genes has never been analysed in the shoots of mycorrhizal lettuce plants or after exogenous ABA application or recovery from the stress. A discrepancy was found here in the pattern of *Lsp5cs* and *Lslea* genes in roots as compared with the previous studies. In fact, it has previously been shown that roots of AM plants subjected to drought had reduced expression of *Lsp5cs* and *Lslea* genes compared with roots of non-AM plants ([@bib58]). This is exactly the same result that was found here in plants that were fed with exogenous ABA, but it is contrary to the result of plants that did not receive exogenous ABA. To explain these contradictory results it must be considered that the plants used for the previous studies were cultivated under greenhouse conditions and subjected to a more severe stress (before daily watering the soil water content decreased to 55--60% of the field capacity) ([@bib58]). By contrast, the experiment described here was conducted in a controlled-environment chamber and the stress imposed was less severe (before daily watering the soil water content only decreased to 65--70% of field capacity). Thus, it may be possible that, in this work, the level of ABA in the plants (at least in the non-AM plants) was lower than in the previous works (not measured). It is known that a minimum level of ABA is required to up-regulate the expression of ABA-induced genes ([@bib19]). Thus, only after the addition of exogenous ABA, was the expression of the *Lsp5cs* and *Lslea* genes in the non-AM plants up-regulated remarkably, as can be seen in [Figs 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}. The ABA content of AM plants was higher than in non-AM plants in shoots and increased considerably in non-AM plants after the addition of exogenous ABA ([Fig. 6](#fig6){ref-type="fig"}). In roots, this was not so, perhaps because of differences in the rate of ABA metabolism, recirculation, and exudation to the rhizosphere or changes in its internal localization ([@bib32]; [@bib85]), as discussed above.

Plant water relations
---------------------

Plant water status is determined by the balance between the water lost in transpiration and water uptake from the soil ([@bib5]; [@bib24]). In this study, AM and non-AM plants showed similar transpiration rates under well-watered conditions. The application of exogenous ABA decreased the transpiration rate of well-watered plants and did not affect the transpiration of drought-stressed plants. By contrast, under drought-stress conditions, AM plants showed a lower transpiration rate than non-AM plants, while *L*~o~ was always higher in AM plants than in non-AM plants. Enhanced *L*~o~ in AM plants has been previously shown in tomato and rosemary plants ([@bib20]; [@bib68]). The application of exogenous ABA also enhanced *L*~o~ in all treatments, in agreement with previous findings ([@bib62]; [@bib35]; [@bib84]; [@bib69]; [@bib3]). The intimate mechanisms involved in the ABA promotion of root water transport remain largely unexplored ([@bib3]). However, the regulation of *L~o~* has been related to changes in aquaporin activity and/or abundance ([@bib41]; [@bib48]; [@bib10]). The role played by aquaporins in water transport may become crucial under water stress, when conditions of reduced transpiration do not allow high driving forces derived from significant water potential gradients. Under these conditions, water transport through the cell-to-cell pathway predominates in the plant and it is expected that aquaporins regulate water movement ([@bib40]; [@bib48]). On the other hand, it is known that ABA modulates the expression of some PIP genes in roots and leaves ([@bib77]; [@bib39]; [@bib91]; [@bib4]). Thus, the regulation of *L*~o~ by ABA may be linked to the modulation of aquaporins. However, whether or not ABA increases *L*~o~ through a direct or an indirect interaction with aquaporins remains unclear.

The effects of drought on *L*~o~ depend on stress intensity ([@bib72]). Under moderate to severe water deficit, *L*~o~ generally decreases and it generally rises again after rewatering ([@bib72]). In this study *L*~o~ was not measurable under drought-stress conditions. In the plants that had been previously drought-stressed, *L*~o~ could only be measured after the 3 d recovery period. Nevertheless, even after rewatering, plants did not completely recover *L*~o~ values (except AM plants fed with ABA), while the transpiration rate recovered completely. Such behaviour indicates that water should be following an apoplastic path as reported before for other plant species subjected to drought ([@bib36]; [@bib72]) and that, in AM plants, ABA could be promoting symplastic water movement.

The process of recovery after water stress has been studied in several plants at the physiological level, but it has seldom been linked with changes in aquaporin expression and/or activation. In this study the expression of the *LsPIP2* gene was inhibited by drought in roots and also in shoots of lettuce plants, coinciding with a decrease in *L*~o~ (until the values were not measurable). The expression of this gene in shoots rose again in drought-stressed plants after the 3 d recovery period, while in roots it was almost constant. *L*~o~ increased after the recovery period. The inoculation with *G*. *intraradices* decreased the expression of *LsPIP2* in shoots, regardless of water status and ABA application. By contrast, mycorrhization did not significantly alter the pattern of gene expression in roots, but *L*~o~ was always enhanced by mycorrhization. Finally, the application of exogenous ABA decreased the expression of this gene in shoots of plants not subjected to the recovery period and did not significantly change the expression in roots. On the contrary, *L*~o~ was increased by exogenous ABA in all treatments. A similar discrepancy between the effect of exogenous ABA on *L*~o~ and aquaporin gene expression has also been found by [@bib10]. Thus, it can be concluded that there is no correlation between changes in *L*~o~ due to mycorrhizal colonization or ABA application with the expression of *LsPIP2* gene. By contrast, there is correlation between the reduction of *L*~o~ by drought stress and the decrease of the *LsPIP2* gene expression in roots and shoots. The lack of complete correlation between the expression of aquaporin genes and *L*~o~ has also been described by [@bib24]. It may be due to the fact that the regulation of aquaporin activity is not only restricted to the transcriptional level. Post-transcriptional regulation via phosphorylation, methylation, re-localization, or changes in cytosolic pH has been described ([@bib50]). Besides, aquaporins are not the unique way to control *L*~o~, symplastic movement of water via plasmodesmata may contribute significantly to *L*~o~ depending on the exact environmental circumstances ([@bib24]). Finally, it must be considered that aquaporins constitute a multiple gene family in plants ([@bib50]) and only one aquaporin gene was analysed in this study. Thus, the differential effect of other aquaporins not analysed here can account for the changes observed in *L*~o~.

Conclusion
==========

In conclusion, in this work it is shown that the addition of exogenous ABA considerably enhanced the ABA content in shoots of non-AM plants, concomitantly with the expression of the stress marker genes *Lsp5cs* and *Lslea* and the gene *Lsnced*. By contrast, the addition of exogenous ABA decreased the content of ABA in shoots of AM plants and did not produce any further enhancement of the expression of these three genes. These contrasting effects of exogenous ABA in AM and non-AM plants can be related to the fact that AM plants always exhibited higher values of *L*~o~ and reduced transpiration rate under drought stress, suggesting better water regulation in AM plants under drought stress. The application of exogenous ABA allowed AM plants only to maintain shoot biomass production unaltered by drought stress. Exogenous ABA enhanced *L*~o~ in all treatments and, again, from the plants that had been subjected to stress, only the AM ones recovered completely their *L*~o~ after the 3 d recovery period. As a whole, the results indicate that AM plants regulate better and faster their ABA levels than non-AM plants, allowing in this way a more adequate balance between leaf transpiration and root water movement during drought and recovery.
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